A contourlet domain image denoising framework based on a novel Improved Rotating Kernel Transformation is proposed, where the difference of subbands in contourlet domain is taken into account. In detail: (1). A novel Improved Rotating Kernel Transformation (IRKT) is proposed to calculate the direction statistic of the image; The validity of the IRKT is verified by the corresponding extracted edge information comparing with the state-of-the-art edge detection algorithm. (2). The direction statistic represents the difference between subbands and is introduced to the threshold function based contourlet domain denoising approaches in the form of weights to get the novel framework. The proposed framework is utilized to improve the contourlet softthresholding (CTSoft) and contourlet bivariate-thresholding (CTB) algorithms. The denoising results on the conventional testing images and the Optical Coherence Tomography (OCT) medical images show that the proposed methods improve the existing contourlet based thresholding denoising algorithm, especially for the medical images.
Introduction
The process of image acquisition introduces noise easily, which generates noisy image and have a significant impact on further applications. Lots of useful denoising algorithms have been proposed in past years [1] . In space domain, the denoising methods, such as Lee filter and Rotating Kernel Transformation (RKT) filter, reduce the noise to some extent, but the result is limited [2] . In frequency domain, the denoising algorithm based on wavelet transform has been demonstrated that it can reduce noise * Corresponding author.
effectively while preserving edges [1] . The literature [3] realizes an efficient retina Optical Coherence Tomography (OCT) image denoising algorithm based on the wavelet transform. In the algorithm, the direction information of the spatial domain is considered by using an artificial setting parameter to control the threshold in vertical subband in wavelet domain. However the algorithm will be invalid while addressing the images of different directions. But its idea is developed further in our work. Do and Vetterli proposed the contourlet transform to realize the multi-directional and anisotropic representation of image [4] . Since, a series denoising methods based on contourlet transform were proposed. Po and Do [5] proposed the Hidden Markov Tree (HMT) based contourlet denoising method based on the inter-location, interscale and inter-direction dependencies of the contourlet coefficients. Guo .et .al [6] proposed the bivariate threshold function based contourlet denoising method by taking the inter-direction dependencies into account. Zhou and Shui [7] introduced the local elliptic directional windows to contourlet domain by considering directional information. Nevertheless, this method just modified the shape of window defined by manual operation according to the contourlet transform and ignored the direction information of image. Other more denoising algorithms based on contourlet can be found in [8, 9] . However, the existing contourlet-based threshold denoising algorithms are the extension of the wavelet-based denosing method and their limitations are as follows: 1. in the contourlet transform, the direction information including in space domain is projected into corresponding direction subbands. The noise has no direction and distributes in all subbands uniformly. This will generate the difference between direction subbands. However, the traditional threshold denoising methods don't consider the difference and build the uniform Probability Distribution Function (PDF) in the Bayes framework, which limits the denoising effect. 2. The contourlet transform has no translation invariance, so the denoising result always contains pseudo-Gibbs effect which has a significant impact on the denoising effect.
In order to solve the first problem, a contourlet transform image denoising framework based on IRKT is proposed. Firstly, an Improved Rotating Kernel Transformation (IRKT) technique is proposed to get the direction statistic and edge information of a given image. The IRKT has the capability of noise immunity, which is discussed by performing experiments. Secondly, the direction statistic reflects the difference between subbands in contourlet domain and is introduced into the threshold function in the form of weights to get a satisfactory denoising result.
Relationship between the Image Directions and Subbands of Contourlet Domain
This section demonstrates that the direction information of the given image reflects the valid amount of information included in different direction subbands in corresponding contourlet domain. We perform four scales and eight directions contourlet decomposition to four noisy images containing different direction information shown in Fig.1. (a)-(d) , and the results of third scale are showed in Fig.1.(e)-(h) . According to the theory of contourlet transform, if a image only contains one kind of direction
